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Measurement of the r-L separation in Gao.47Ino.s3 As by ultraviolet 
photoemission 
K. Y. Cheng, a) A. Y. Cho, S. B. Christman, T. P. Pearsall, and J. E. Rowe 
Bell Laboratories. Murray Hill. New Jersey 07974 
(Received 9 November 1981; accepted for publication 15 December 1981) 
We have studied the valence band ofGIlo.47 Irlo.s3 As by ultraviolet photoemission using photon 
energies of 11.7,16.8, and 21.2 eV. The photo-electron energy spectra show that the valence 
band ofGIlo.47 Irlo.s3 As has well-defined structure similar to that of binary 111-V semiconductors. 
We have used these spectra to determine a conduction bandF-L separation of 0.55 eVat 300 K. 
PACS numbers: 71.25.Jd, 78.20.Ls 
GIlo.47 Irlo.s3 As, lattice-matched to InP, is a semicon-
ductor with important optoelectronic applications. I In an 
earlier work2 we proposed that GIlo.47 Irlo.s3 As, is highly suit-
ed for room-temperature field-effect transistor (FET) appli-
cations because of its low electron effective mass2 
(m*/mo = 0.041) and its high room temperature electron 
mobility31J.t = 10 500 cm2 V-I sec-I, ND = 1016 cm-3). 
These two features indicate that electrons have a low-field 
velocity about 1.5 times that of GaAs and about 3 times as 
large as that of Si. However, at the higher values of electric 
field typically used in FET operation, the effective velocity 
may be significantly lowered by scattering to lower mobility 
satellite valleys. The threshold energy for this scattering is 
given by the F-L separation energy. Knowledge of this pa-
rameter is required for calculations of the velocity-electric 
field curve for electrons, and previous estimates of its value 
vary by a factor of 2 depending on the particular interpola-
tion scheme used to deduce the separation. Our measure-
ments show that this threshold energy is 0.55 ± 0.05 eV. 
This result establishes in the case of these relevant param-
eters that GIlo.47 Irlo.s3 As is a material more favorably suited 
to high frequency, low-power consumption room-tempera-
ture FET's than other currently known semiconductors. 
Our measurements were made on single-crystal 
GIlo.47 Irlo.53 As layers grown on n-type (100) InP substrates 
by molecular beam epitaxy (MBE).4 Molecular beam epitaxy 
is a growth technique which can produce samples whose 
surface is free of topological variations larger than 1000 A 
which might distort the photoemission spectra. The sub-
strates were polished with a 0.5% Br2 methanol solution and 
thermally cleaned in the MBE system to 500 ·C under the 
exposure of an As beam using an As arrival rate of 1016 
cm
2/sec. For the growth of GIlo.47 Irlo.s3 As epitaxial layers, 
the Ga effusion cell was heated to 937, In to 833, and As to 
344 ·C which gave a growth rate of 2. 5 ,um/h. The substrate 
temperature was increased to 595 ·C at the onset of growth. 
High-energy electron diffraction showed a surface structure 
of (2 X 4) during deposition, indicative of the GIlo.47 Irlo.53 As 
layer being closely lattice matched to the InP substrate. x-
ray studies on the epitaxial layers after the removal of the 
sample from the growth chamber showed a lattice mismatch 
..10/0 of about 5 X 10-4. Since the sample holder was rotated 
"Electrical Engineering Dept., Chung-Cheng Institute of Technology, 
Taiwan, Republic of China. 
with a speed of 3 rpm during deposition, an extremely uni-
form layer with lateral variation ofless than 10 - 5 cm - I was 
achieved. Hall measurements taken on similar wafers grown 
on Fe-doped semi-insulating InP substrates show a net n-
type carrier concentration of2 X 1015 cm -3 and mobilities of 
8100and 39000 cm2 V-I sec- I at 300 and 77 K, respective-
ly. The samples used for this experiment were 2,um thick 
grown on S-doped InP substrates. 
The photoelectric spectra were measured at 300 K in a 
high-vacuum chamber using a retarding potential energy 
analyzer. Prior to measurement the surface is sputter etched 
followed by an anneal with surface reconstruction moni-
tored by low-energy electron diffraction. This information 
was used to determine that the damage induced by the sput-
ter etch is annealed out at 450 'c. Auger measurements were 
used to verify the sample composition and to identify the 
presence of any contaminating impurities on the surface. 
Photoemission spectra were taken at three different en-
ergies using argon (11.7 eV), neon (16.8 eV), and helium (21.2 
e V) sources. A detailed description of the apparatus has been 
given in an earlier publication. 5 In the present case, the vacu-
um level <P ( - 4 eV) is a sizeable fraction of the photon excita-
tion energy. Working in this regime allows us to obtain opti-
mum energy resolution in the photoelectron spectra. On the 
other hand, relating these spectra to the valence-band densi-
ty of states is more difficult than would be the case if higher 
energy x rays were used. A photoemission event under our 
conditions is essentially a two-step process. Grobman et 01. 
have shown that the photoelectrons excited from the valence 
band first make a transition to higher-lying conduction-band 
states which are well defined even 22 eV above the valence-
band edge.6 The electron-excited state is then matched into a 
free electron wave function, (Le., photoelectron emitted from 
the surface) as shown schematically in Fig. 1. The signal 
measured by the retarding potential detector is the sum of all 
photoelectrons whose kinetic energy is greater than the re-
tarding potential. By modulating the retarding potential 
..1 VR the differential contribution to the photoelectron sig-
nal from the valence-band states between E v and 
E v +..1e VR is determined. The resulting spectrum for exci-
tation using an argon source is shown in Fig. 2. The photo-
emission intensity as a function of energy depends both on 
the joint density of states between the valence-band and the 
high-lying conduction-band final state and on the well-
known cross section for photoemission into vacuum. The 
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FIG. I. Schematic energy-band structure of G80." hl'U3 As showing photo-
electron emission from the valence band. Photoexcited transitions wop, 
are shown from the L3 and X, regions of the valence band. The photoelec-
tron kinetic energy depends on the energy level of the valence-band initial 
state and the semiconductor work function <1>. The measured photoemis-
sion intensity depends on the joint density of states between the valence-
band initial state and the higher lying conduction-band final states. The 
valence-band width at L3 can be determined directly from the photoemis-
sion energy. If the band gap and E I transitions are known, these photoemis-
sion data also determine the r-L separation in the conduction band. 
valence-band edge, rs is determined by the tangent to the 
photoemission edge as shown in Fig. 2. The large density of 
states associated with the valence band at L3 is clearly visible 
about 1.40 eV below the valence-band edge. The Fermi level 
is determined by subtracting the photoelectron detector 
work function (4.4 eV) from the excitation energy (11.2 eV) 
and lies 0.3 eV above the valence-band edge nearly at mid-
gap. The importance of the conduction-band final state can 
be appreciated by changing the photoexcitation energy (see 
Fig. 3) so that a different set of final states is probed. This 
difference can be seen by comparing Fig. 3(a) with Figs. 3(b) 
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FIG. 2. Direct photoemission spectrum for G80."IIlo.'3As at room tem-
perature using 11.7 eV photons from an argon discharge. The principal 
features of the spectrum, the Fermi energy, the valence-band edge at r, and 
the (III) boundary of the valence band E (L3 v) are identified. 
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FIG. 3. Effect of the photoelectron final state on spectra shape in 
G8041 1Do.'3 As. Varying the photon excitation energy changes the joint den-
sity ofstates as shown here for three different energies: (a) 11.7 eV, (b) 16.8 
eV, and (e) 21.2 eV. 
and 3(c), taken, respectively, with increasing excitation ener-
gy. Although the shapes of these spectra are not identical,. 
each shows a peak in the photoemission intensity at approxI-
mately 1.38 eV below the valence-band edge. This peak is 
associated with the high density of states at the L-point 
boundary of the Brillouin zone. Line shape analysis of this 
feature gives Ev(1ll) = E(L3) - 1.38 ± 0.02 eV. The r-L 
separation in the conduction band is calculated directly: 
jjEr _ L = (E.> -EG -E(L3) =O.SS ±O.OS eV, (1) 
where (E.) = 2.68 eV is the spin-orbit averaged E. transi-
tion energy between the conduction and valence bands at L3 
and Eo = 0.7S eV is the direct band gap at 295 K.7 
Photoemission spectra were measured under various 
conditions of surface treatment to assure that the energy as-
sociated with the valence-band structure at L3 did not 
change. In Fig. 4 we show spectra taken (a) before sputter 
etching, (b) after sputter etching but before annealing, and (e) 
after annealing. Comparing Figs. 4(a) and (c) it can be seen 
that the original spectrum is recovered after annealing. The 
results of this and similar experiments, plus the position of 
the Fermi level confirm that surface-induced perturbations 
of the photoemission spectra are small. 
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FIG. 4. Photoemission spectra from the (100) G80.4,IIIo.s3As are relatively 
insensitive to surface conditions. The spectra shown were obtained (a) be-
fore sputter etch, (b) after sputter etch, and (c) after anneal to remove the 
etching damage. By comparing (a) and (c) it can be seen that the original 
spectrum is recovered after annealing. 
In principle, the vacuum level relative to the valence-
band edge in Gao.47 Iflo.s3 As may be determined by increas-
ing the retarding potential until the photoemission intensity 
is extinguished. In these experiments the corresponding 
vacuum level is about 4 e V above the valence-band edge. A 
more precise measurement has not been possible for emis-
sion from the (100) face, whose polar nature will modify the 
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true vacuum level. An accurate determination should be 
possible, however on a (110) surface, and we are currently 
working to prepare such samples for further measurement. 
The measured r-L separation for Gao.47 Iflo.s3 As is about 
60% larger than the currently accepted value for GaAs. This 
means that electrons in Gao.47 Iflo.s3 As can be heated to sig-
nificantly higher energies and higher electron velocities, be-
fore photon-scattered transfer to the lower mobility conduc-
tion-band minima, than would be the case in GaAs. Note 
that in these experiments, we have measured the actual ener-
gy difference between the rand L valleys. The threshold 
energy for hot electron transfer from the r to L valley is 
higher, because intervalley transfer requires the emission of 
an optical phonon to conserve momentum. The optical 
phonon energy for Gao.47 Iflo.s3 As has been measured by Ra-
man scattering2,8 and is 34,2 meV for the longitudinal optical 
photon energy involved in the intervalley scattering process, 
Thus, the threshold energy which should be used in hot elec-
tron transport analysis is Etb = 0,54 + 0,0342 = 0.574 eV. 
This can be compared to 0.368 eV for GaAs.9 This combina-
tion of high mobility, low electron effective mass, and large 
r-L energy separation are unknown in any other semicon-
ductor whose band gap is large enough for it to be used in 
room-temperature device applications. We believe that these 
three features of Gao.47 Iflo.s3 As show clearly its potential for 
high-speed semiconductor devices. 
The authors acknowledge many helpful discussions 
with D. E. Aspnes and S. M.Kelso on various aspects of the 
band structure of this III-V semiconductor alloy. 
'T. P. Pearsall, M. Piskorski, A. Brochet, and J. Chevrier, IEEE J. Quan-
tum Electron. QE-17, 255 (1981). 
2T. P. Pearsall, R. Bisaro, P. Merenda, G. Laurencin, R. Ansel, J. C. Portal, 
C. Houlbert, and M. Quillec, GaAs and Related Compounds, St. Louis, 
1978 (Inst. of Phys., Bristol, 1979), p. 94. 
3T. P. Pearsall, G_ Beuchet, J. P. Hirtz, N. Visentin, M. Bonnet, and A. 
Roizes, GaAs and Related Compounds, Vienna, 1980 (Inst. ofPhys., Bris-
tol, 1981) p. 639. 
4K. Y. Cheng,A. Y. Cho,and W. R. Wagner,J.Appl. Phys. 52, 6328 (1981). 
5S. P. Weeks, 1. E. Rowe, S. B. Christman, and E. E. Chaban, Rev. Sci. 
Instrum. 50, 1249 (1979). 
6W. D. Grobman, D. E. Eastman, J. L. Freeouf, and J. Shaw, Proceedings of 
the 12th International Conference on Physics of Semiconductors, Stuttgart, 
1974 (Teubner, Stuttgart, 1974), p. 1275. 
'P. M. Laufer, F. N. Pollak, R. E. Nahory, and M. A. Pollack, Solid State 
Commun. 36, 419-422 (1980). 
8J. C. Portal, P. Perrier, M. A. Renucci, S. Askenazy, R. J. Nickolas, and T. 
P. Pearsall, Proceedings of the 14th International Conference on Physics of 
Semiconductors, 1978 (Inst. ofPhys., Bristol, 1978), p. 829. 
9A. Cappy, B. Camez, R. Fauquembergues, G. Salmer, and E. Constant, 
IEEE Trans. Electron. Devices ED-27, 2158 (1980). 
Cheng etal. 425 
Downloaded 05 Feb 2012 to 140.114.195.186. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions
